Ebola hemorrhagic fever, also known as Ebola virus disease or EVD, is one of the most dangerous viral diseases in humans and animals. In this open-label, dose-escalation clinical trial, we assessed the safety, side effects, and immunogenicity of a novel, heterologous prime-boost vaccine against Ebola, which was administered in 2 doses to 84 healthy adults of both sexes between 18 and 55 years. The vaccine consists of live-attenuated recombinant vesicular stomatitis virus (VSV) and adenovirus serotype-5 (Ad5) expressing Ebola envelope glycoprotein. The most common adverse event was pain at the injection site, although no serious adverse events were reported. The vaccine did not significantly impact blood, urine, and immune indices. Seroconversion rate was 100 %. Antigen-specific IgG geometric mean titer at day 42 was 3,277 (95 % confidence interval 2,401-4,473) in volunteers immunized at full dose. Neutralizing antibodies were detected in 93.1 % of volunteers immunized at full dose, with geometric mean titer 20. Antigen-specific response in peripheral blood mononuclear cells was also detected in 100 % of participants, as well as in CD4C and CD8C T cells in 82.8 % and 58.6 % of participants vaccinated at full dose, respectively. The data indicate that the vaccine is safe and induces strong humoral and cellular immune response in up to 100 % of healthy adult volunteers, and provide a rationale for testing efficacy in Phase III trials. Indeed, the strong immune response to the vaccine may elicit long-term protection. This trial was registered with grls. rosminzdrav.ru (No. 495 Ã ), and with zakupki.gov.ru (No. 0373100043215000055).
Introduction
Ebola hemorrhagic fever, also known as Ebola virus disease or EVD, is one of the most dangerous viral diseases in humans, great apes, lower primates, and other animals. The disease is characterized by a severe course that progresses from fever, headache, malaise, and myalgia to coagulation disorders and multi-organ failure, with mortality up to 90 %. [1] [2] [3] The causative agent of this disease is Ebola virus, a filovirus (Filoviridae). Since the pathogen was first reported in 1976, more than 10 outbreaks of EVD have occurred. The largest outbreak to date eventually became an epidemic that claimed the lives of more than 11,000 people between December 2013 and June 2016. 4 At the beginning of the last outbreak, there was no licensed vaccine against EVD, although several vaccines have been shown to be protective in preclinical and clinical studies. Most of these vaccines consist of different vectors (Ad3, Ad26, Ad5, and VSV) expressing the Ebola virus glycoprotein, typically that of the 1976 Zaire-Mayinga strain or the 1995 Zaire-Kikwit strain. 5 On the other hand, the variant that caused the last outbreak, Ebola virus/H.sapiens-wt/GIN/2014/Makona-C15, belongs to a Zaire strain the envelope glycoprotein of which is 97.2 % and 97.7 % similar to those of the 1976 Zaire-Mayinga and 1995 Zaire-Kikwit strains, respectively. Due to these differences, it may be necessary to develop vaccines against the Supplemental data for this article can be accessed on the publisher's website.
circulating strain. Accordingly, we designed a novel heterologous vaccine against the circulating Zaire strain, noting that heterologous prime-boost vaccination has been shown to induce stronger immune response than homologous vaccination. [6] [7] We now report safety and immunogenicity data from a clinical trial of this vaccine, which consists specifically of live-attenuated recombinant vesicular stomatitis virus (VSV) and recombinant adenovirus type-5 (Ad5) expressing the envelope glycoprotein of the Ebola virus/H.sapiens-wt/GIN/2014/ Makona-C15 strain. The vaccine, which we call GamEvac Combi, was administered by heterologous prime-boost immunization, and the humoral immune response was compared to homologous VSV-prime immunization.
Results
Between September 16 and November 30, 2015, we conducted an open-label, dose-escalation trial to assess safety, side effects, and immunogenicity of GamEvac-Combi in 84 healthy adults of both sexes between 18 and 55 years ( Fig. 1 ). Participants were assigned to receive VSV-glycoprotein (n D 12), Ad5-glycoprotein (n D 12), or sequential injections of VSV-glycoprotein and Ad5-glycoprotein 21 days apart at half (n D 30) or full dose (n D 30, Fig. 1 ). Doses were set based on preclinical studies in non-human primates. Baseline characteristics are listed in Table 1 .
Safety
Overall, 74 (89 %) participants reported at least one solicited adverse reaction within 42 days of vaccination with VSV-glycoprotein (n D 9), Ad5-glycoprotein (n D 9), half dose of both (n D 29), and full dose of both (n D 27, Fig. 2 ). These systemic or local reactions were mild or moderate in severity, generally occurred on the day after vaccination, and resolved within the next 3 days. Reactions were considered moderate if treatment of symptoms was required. There was no significant difference in the nature and severity of reactions to half and full dose vaccines, although the frequency of such events was higher in the former (Fig. 2) , noting that one participant who received a full dose withdrew from the study at day 28 for personal reasons. In any case, serious vaccine-associated adverse events were not reported.
Systemic reactions included elevated axillary temperature ( 37 C), which was observed in 16.7 %, 50 %, 36.7 %, and 55.2 % of participants vaccinated with VSV-glycoprotein, Ad5-glycoprotein, half dose of both, and full dose of both. Fever ( 38 C axillary temperature) was observed in 0 %, 16.6 %, 13.3 %, and 6.9 % of volunteers, along with symptoms associated with toxicity, including headache (16.7 %, 66.7 %, 63.3 %, and 51.7 %), fatigue (25 %, 58.3 %, 46.7 %, and 37.9%), myalgia (8.3 %, 33.3 %, 33.3 %, and 34.5 %), and arthralgia (8.3 %, 50 %, 33.3 %, and 13.8 %). Isolated cases of loss of appetite, nausea, and gastrointestinal distress were noted. Urticarial and anaphylactic allergic reactions were variable.
Local reactions were mild and did not require additional therapeutic treatment with antihistamines. Local reactions included pain at the injection site (25 %, 50 %, 80 %, and 69 %). In volunteers who received both components in sequence, most pain reactions occurred after the second vaccination. In volunteers vaccinated with both components at half dose, erythema (n D 2, 6.7 %), axillary lymphatic node enlargement (n D 2, 6.7 %), and rash (n D 1, 3.3 %) were observed. Swelling or induration at the site of injection was observed in one volunteer (8.3 %) immunized with VSV-glycoprotein.
Average blood count was comparable before vaccination and during active follow-up after vaccination, and was within normal values. In some volunteers, however, vaccination affected a range of laboratory indicators of liver and kidney function, including alanine aminotransferase, aspartate amino transferase, creatinine, and creatine phosphokinase (Table 2) . Nevertheless, these indicators returned to baseline within 7 days after vaccination, suggesting that effects were transient. Finally, vaccination did not significantly alter urine indices.
Immunogenicity
Immunogenicity was evaluated based on several indices of humoral and cellular immune response. In particular, humoral response was assessed by enzyme-linked immunosorbent assay (ELISA) against glycoprotein-specific IgG in serum, and by virus neutralization assay to detect neutralizing antibodies. On the other hand, cell-mediated immune response was assessed by ELISA against interferon-g secreted from glycoprotein-activated peripheral blood mononuclear cells, and by flow cytometry to measure glycoprotein-induced proliferation of CD4C and CD8C T cells. Results are summarized in Fig. 3 . ZEBOV Makona glycoprotein-specific antibodies were detected on day 28 in 93 % and 100 % of volunteers immunized at half and full dose, but in all participants on day 42 (Fig. 3A, B) . Indeed, antibody geometric mean end-point titer was 2,540 (95 % confidence interval 1,769-3,647) in volunteers vaccinated at half dose, and Remarkably, the glycoprotein-specific antibody response in volunteers immunized at half dose was inversely correlated (correlation coefficient ¡0.4) on day 28 (p D 0.03) and 42 (p D 0.04) with the concentration of pre-existing neutralizing antibodies against Ad5, which have been reported to lower the efficacy of Ad5-based vaccines. However, these correlations were absent in volunteers immunized at full dose (p > 0.09). We note that preexisting neutralizing antibodies against Ad5 were detected at > 1:10 in 100 % of participants immunized at half and full dose, of whom 63.3 % and 51.7 %, respectively, had high levels (> 1:200).
The mononuclear cell response was evaluated on days 0, 28, and 42 by interferon-g secretion, as measured by ELISA and reported as fold increase in secretion upon exposure to Ebola Zaire glycoprotein (Fig. 4) . In volunteers immunized at half dose, the median interferon-g concentration was 1.31 (interquartile range 1.00-1.75) at day 0, 15.83 (interquartile range 5.66-33.91) at day 28, and 10.44 (interquartile range 3.46-22.30) at day 42. In volunteers immunized at full dose, the median interferon-g concentration was 1.00 (interquartile range 1.00-1.50) at day 0, 22.57 (interquartile range 7.03-38.89) at day 28, and 12.86 (interquartile range 3.87-21.97) at day 42. In general, interferon-g response was detected on day 28 in 96.7 % and 100 % of volunteers immunized at half and full dose, and in 90 % and 100 % of participants on day 42 (Fig. 4A, C) .
T cell response was measured at days 0, 28, and 42 by flow cytometry, and is reported as frequency of CD4C and CD8C cell proliferation upon exposure to Ebola Zaire glycoprotein. Cells from vaccinated participants proliferated significantly in response to Ebola glycoprotein, especially on day 28 (Fig. 4B,  D) , with no significant differences due to dose. At day 28, 83.3 % of volunteers immunized at half dose and 82.8 % of participants immunized at full dose had developed a glycoprotein-specific CD4C T cell response, while 73.3 % and 58.6 %, respectively, had developed a glycoprotein-specific CD8C T cell response. At day 42, CD4C T cell response was detected in 40 % and 75.9 %, while CD8C T cell response was detected in 43.3 % and 62.1 %, respectively.
Discussion
The development of vaccines against Ebola virus started soon after it was identified, and early work focused mainly on attempts to inactivate the virus. In 1980, the first vaccine based on inactivated Ebola virus elicited 100 % protection in guinea pigs. 8 In subsequent years, a large number of other candidate vaccines was developed, some of which have been tested in clinical trials. 5 Today, 8 vaccines, including DNA vaccines, virus-like particles, and recombinant viral vectors, are in different phases of clinical testing. 5 Most are recombinant viral vectors expressing the Ebola virus envelope glycoprotein, one of the most protective antigens. These include recombinant vectors derived from human Ad5 and Ad26, simian adenoviruses such as chimpanzee adenovirus serotype 3, modified vaccinia Ankara, VSV, and combinations thereof. 5, [9] [10] [11] [12] [13] [14] [15] At the same time, it was shown in multiple animal models and clinical trials that heterologous prime-boost immunization generally elicits superior immune response in comparison to repeated doses of the same vaccine. 7 Thus, on the basis of the accumulated literature on Ebola vaccines, we developed a heterologous vaccine consisting of VSV and Ad5 vectors expressing Ebola virus glycoprotein.
In preclinical studies, the vaccine was found to induce humoral and cellular immune response. In particular, the vaccine elicited glycoprotein-specific humoral response in non-human primates, with IgG titres 32,000-128,000 on day 42, neutralizing antibody titres 250-1,250, and durable 100 % protection for 5 months (Supplementary Fig. 1 ). Similarly, Stanley et al. 6 reported that homologous vaccination with a recombinant chimpanzee adenovirus serotype 3 vector elicited durable protection in only 1 of 3 nonhuman primates (33.3 %), while heterologous vaccination with the same vector as prime and modified vaccinia Ankara as boost elicited durable protection in all 3 immunized nonhuman primates (100 %).
We now report that in Phase I/II clinical trials in Russia, the vaccine induces strong humoral and cellular immune response in healthy volunteers. In particular, the vaccine elicited antibody response in 100 % of participants, with significantly increased titres 28 days after vaccination, and even higher titres on day 42. At day 42, glycoprotein-specific antibody titres were 2,540 in volunteers immunized at half dose, and 3,277 in volunteers immunized at full dose, in line with previous results from other clinical trials. [9] [10] [11] [12] [13] Moreover, the data suggest that heterologous VSV-prime Ad5-boost vaccination induced significantly stronger antibody response than immunization with VSV alone. Similarly, glycoprotein-specific response from peripheral blood mononuclear cells and T cells peaked at day 28 before decreasing at day 42, reminiscent of previous Ebola vaccines based on chimpanzee adenovirus serotype 3. [14] [15] Neutralization assays against the Mayinga strain were performed in order to compare clinical results and preclinical studies in nonhuman primates. In clinical trials, neutralizing antibodies were detected in 93 % of participants immunized at full dose, with titres comparable to those in nonhuman primates. We note that in nonhuman primates, titres of neutralizing antibodies correlate with protection from a lethal dose of Ebola virus Mayinga. While data on cross-reactive immunogenicity were not collected in humans, results in nonhuman primates indicate that the vaccine induces comparable levels of immune response to the Kissidougou 2014 and Mayinga 1976 strains. Notably, clinical trials of VSV-based vaccine [16] [17] showed that immunization with GP Kikwit led to production not only Kikwit GP-specific antibodies, but also Mayinga GP and Makona/Gueckedou GP (2014). Animal studies of EBOV-GP nanoparticles showed that mice immunized with GP Makona produced NtAb to ZEBOV Mayinga and were protected from lethal dose of ZEBOV Mayinga. 18 All these data suggest that there is cross-protection from the immune responses to Makona/Gueckedou, Mayinga, and Kikwit.
One of the main issues limiting the use of vectors based on Ad5 is widespread pre-existing immunity to Ad5. Indeed, pre-existing immunity to Ad5 is negatively correlated with glycoprotein-specific immune response. 9, 19 Thus, heterologous vaccination with a VSV prime and an Ad5 boost may compensate for the negative effects of pre-existing immunity to Ad5. Accordingly, the glycoprotein-specific humoral and cellular immune response in volunteers immunized at full dose was not correlated with pre-existing neutralizing antibodies to Ad5 (p > 0.09). In any case, it is necessary to directly compare different vaccines based on Ad5, VSV, chimpanzee adenovirus serotype 3, Ad26, and modified vaccinia Ankara, in order to identify optimal vaccine vector(s). At present, this cannot be accomplished, since extensive clinical studies of all vectors under the same clinical and laboratory testing conditions are not available.
Importantly, the data indicate that vaccine based on VSVglycoprotein and Ad5-glycoprotein are safe in healthy adult volunteers. Indeed, no serious adverse events were reported during the clinical trial, and there were no significant adverse effects on blood, urine, and immune indices. Based on Guidelines for Preparing Core Clinical Safety Information on Drugs, 20 some of these adverse events were very common (myalgia, headache, fatigue, arthralgia, and pain at the injection site) or common (erythema, swollen lymph node, nausea, gastrointestinal syndrome, and loss of appetite). However, these adverse events are common to all vaccines based on viral vectors, and are not unexpected. 9, [11] [12] [13] 21 The frequency of side effects was also in line with previous viral vector vaccines against Ebola.
9,11-13
Thus, we conclude that, except in individual cases of intolerance, our vaccine is well-tolerated, taking into account the nature and severity of adverse events reported, the lack of significant negative impact on quality of life, and the absence significant impact on laboratory parameters, vital systems, and organs. We note, however, that while the frequency of vaccine-associated fever was lower in our trial than in other trials of VSV-based Ebola vaccine, 11, 16, 17 vaccine-associated hyperthermia (> 38 C) may cause confusion in the field during outbreaks, as this symptom could be construed as active Ebola infection. Nevertheless, a VSV-based Ebola vaccine effectively prevented Ebola virus disease when delivered during an outbreak. 10 In summary, the data collectively show that the vaccine is highly immunogenic, and induces strong humoral and cellular immune response in up to 100 % of healthy adult volunteers. The data also demonstrate that a vaccine based on VSV-glycoprotein and Ad5-glycoprotein does not cause serious side effects, and has a good safety profile in healthy adult volunteers. Accordingly, the Ministry of Health of the Russian Federation approved the registration of the vaccine on December 28, 2015, with registration number LP-003390.
Materials and methods

Vaccine
The vaccine GamEvac-Combi consists of a live-attenuated recombinant vesicular stomatitis virus expressing Ebola virus glycoprotein (VSV-glycoprotein), and a recombinant replication-defective adenovirus type-5 expressing the same glycoprotein (Ad5-glycoprotein). Both components were developed, manufactured, and stored by Gamaleya Federal Research Center of Epidemiology and Microbiology (Moscow, Russia) according to good manufacturing practices. A full dose of the vaccine was 2.5 £ 10 7 plaque forming units per dose for VSVglycoprotein, and 2.5 £ 10 11 viral particles per dose for Ad5-glycoprotein.
Study design and volunteers
An open-label, dose-escalation trial was performed to assess safety, side effects, and immunogenicity after 2 doses in 84 healthy adults of both sexes between 18 and 55 years. The study protocol did not require uniform distribution of men and women among treatment groups, although volunteers were nevertheless distributed among groups so that each group had about the same ratio of men and women. All participants provided written informed consent, and were immunized at half or full dose. The study was reviewed and approved by the appropriate national and local competent authorities, including the Ethics Committee of the Ministry of Health of the Russian Federation. This trial is registered with grls.rosminzdrav.ru (No. 495 Ã ), and with zakupki.gov.ru (No. 0373100043215000055).
Trial design
In the first module of the study, the tolerability of VSV-glycoprotein and Ad5-glycoprotein were separately assessed in 12 healthy volunteers each, who received a single half dose of the intended therapeutic dose (0.25 mL). Injection-site reactions, systemic reactogenicity, and medication use to alleviate such symptoms were monitored for 5 days after injection and at day 7.
In the second module, safety and immunogenicity were assessed in 60 volunteers, who received VSV-glycoprotein as the first dose, and Ad5-glycoprotein as the second dose 21 days thereafter. Thirty volunteers were immunized at half dose, while the other 30 received the full dose (0.5 mL). Injection-site reactions, systemic reactogenicity, and medication use to alleviate such symptoms were monitored for 5 days after the first dose, for 3 days after the second dose, and at follow-up on days 7, 28, 35, and 42. Volunteers underwent clinical and laboratory evaluation at each study visit. Laboratory analyses included complete blood and urine counts, creatinine, urea, glucose, total protein, alanine aminotransferase, aspartate aminotransferase, total bilirubin, and creatine phosphokinase.
In all cases, injections were administered intramuscularly into the deltoid muscle (musculus deltoideus).
Immunogenicity
Humoral immune response
Serum samples were collected on 0, 28, and 42 days after the first injection. Glycoprotein-specific antibodies were measured by ELISA using as probe the glycoprotein of 2014 Zaire Ebola virus (subtype Zaire, strain H.sapiens-wt/GIN/2014/Kissidougou-C15) (Sino Biological, SB40442). Briefly, 96-well immunoplates (SPL, SP32296) were coated at 4 C overnight with 100 mL 1 mg/mL glycoprotein in coating buffer (137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, and 1.5 mM KH 2 PO 4 ). Plates were then washed 3 times with PBS containing 0.05 % Tween20 (TPBS), and blocked for an hour at 37 C in TPBS supplemented with 5 % non-fat milk (Applichem, A0830). Subsequently, wells were incubated for 1 hour at 37 C with serum samples (100 mL) serially diluted 2-fold in TPBS from 1:12.5 to 1:102,400. Plates were then washed 3 times with TPBS, labeled for 1 hour at 37 C with 100 mL horseradish peroxidase-conjugated secondary antibody (GE, NA933V) diluted 1:10,000 in TPBS with 5 % milk, and washed 3 times with TPBS. Plates were reacted for 20 minutes at 25 C with 100 mL of the peroxidase substrate TMB (SIGMA, T0440). Reactions were terminated with 4 M H 2 SO 4 , and optical density at 450 nm was measured on a Multiscan FC (Thermo Fisher, USA). Relative amounts of glycoprotein-specific antibodies are reported as geometric mean end-point titres with 95 % confidence intervals.
Neutralizing antibodies on day 28 were assayed in serum samples of volunteers immunized at full dose, using infectious Ebola virus Mayinga 1976 as described previously. 19 These assays were performed in a BSL-4 laboratory at 48 Central Research Institute of the Ministry of Defense of the Russian Federation.
Cell-mediated immune response
Whole-blood samples were collected on days 0, 28, and 42 after the first injection. Peripheral blood mononuclear cells were isolated from 6-7 mL samples using ACCUSPIN TM System-Histopaque Ò ¡1077 (SIGMA, A7054). These cells were seeded at 200,000 per well in 96-well plates (Corning, CLS3595) containing complete RPMI-1640 medium (PAA Laboratories, G0029.3050) supplemented with 10 % of the volunteer's plasma. Cells were then incubated for 2 hours at 37 C in 5 % CO 2 , and stimulated with 5 mg/mL 2014 Ebola virus glycoprotein from subtype Zaire, strain H.sapiens-wt/GIN/2014/Kissidougou-C15 (Sino Biological, SB40442). Media were collected 48 hours after stimulation, and analyzed for interferon-g by ELISA (Human IFN-gamma Platinum ELISA, BMS228CE, eBioscience). Results are reported as fold increase in interferon-g concentration upon exposure to glycoprotein.
Antigen-specific T cell response was measured by CFSE T Cell Proliferation assay. Briefly, peripheral blood mononuclear cells were stained with Carboxyfluorescein succinimidyl ester (CFSE) Tracer Kit (Invitrogen, USA) as described previously. [22] [23] Cells were then stimulated with 5 mg/mL 2014 Ebola virus glycoprotein from subtype Zaire, strain H.sapiens-wt/GIN/2014/ Kissidougou-C15 (Sino Biological, SB40442). Cells were analyzed by flow cytometry 72 hours later on a FACSAriaIII (BD Biosciences, USA) flow cytometer with BD FACSDiva Software (BD Biosciences, USA). Proliferating CD4C or CD8C T lymphocytes were identified by forward and side light scatter, expression of CD3, CD4, CD8, and low fluorescence from CFSE. Proliferation in unstimulated cells were subtracted from that of stimulated cells, and negative differences were set to zero. Results are reported as percent proliferating cells.
Statistical analysis
The sample size of 84 was expected to produce reliable data on adverse events. Fisher's exact test was used to analyze binary data. Paired numerical data were analyzed by Wilcoxon signed-rank test, while unpaired numerical data were analyzed by Mann-Whitney U. Data were analyzed in GraphPad Prism version 6, EXCEL 2010, and STATISTICA 7.0. Antibody response is reported as geometric mean titres with 95 % confidence intervals, while cellmediated response is reported as median with interquartile range.
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